This study developed a novel method for the determination of 13 organophosphate esters (OPEs) in aqueous samples through the optimization of solvent demulsification-dispersive liquid-liquid microextraction based on solidification of floating organic drop procedure coupled with ultra-highperformance liquid chromatography-tandem mass spectrometry. The proposed method was rapid and accurate and could be used in field applications. Under the most suitable conditions, the limit of detection and limit of quantification ranged from 0.16 ng/L to 20.0 ng/L and from 0.55 ng/L to 66.7 ng/L, respectively. The enrichment factors (EFs) ranged from 30 to 46. The relative standard deviations were less than 15%. The spiked recoveries ranged between 68.2% and 97.7% in the analysis of actual aqueous samples. The proposed method was convenient, environment friendly, and time and solvent saving and could be used in field applications compared with other methods. Various concentrations and types of OPEs were detected in tap water, river water, and effluent of sewage treatment plant. Effluent samples had the highest detected levels and types of OPEs.
Organophosphate esters (OPEs) are extensively applied in textile, electronics, plastics, and other industries as flame retardants or plasticizers 1 . Generally, OPEs are added to the final product rather than chemically bonded. This process allows OPEs to be easily released to the surrounding environment 2 . Recently, OPEs have been detected in different environmental media, such as wastewater 3 , sludge 4 , surface water [5] [6] [7] , sediment [8] [9] [10] , soil [11] [12] [13] , indoor and outdoor air, airborne particulate matter, and dust [14] [15] [16] [17] [18] [19] [20] [21] . OPEs have potential adverse effects on the . Generally, the concentrations of OPEs are low in environmental media; thus, an efficient pretreatment approach is usually required for the determination of OPEs. Different pretreatment techniques, including liquid-liquid extraction (LLE), solid-phase extraction (SPE), solid-phase microextraction (SPME), dispersive liquid-liquid microextraction (DLLME), and DLLME based on solidification of floating organic drop (DLLME-SFO), have been applied for the evaluation of OPEs in aqueous samples [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, these methods have different disadvantages. For example, LLE usually requires a large volume of samples and toxic organic solvents. SPE also requires a large volume of samples and is prone to clogging. SPME usually consumes considerable time, and the fibers are fragile. DLLME is an effective method that only requires small amounts of samples and solvents. However, it frequently uses halohydrocarbons as the extractant, which are highly toxic and environmentally harmful. DLLME-SFO is a modified DLLME that uses solvents with low density, proper melting point, and low toxicity as the extractant. However, it requires centrifugation to separate organic and aqueous phases. Solvent demulsification-DLLME-SFO (SD-DLLME-SFO) is an improved method that can avoid these drawbacks. It uses demulsifiers rather than centrifugation to separate organic and aqueous phases, which makes it suitable in field analysis 33 . SD-DLLME-SFO has been successfully used in the analysis of organic compounds, including organochlorine pesticides, polycyclic aromatic hydrocarbons, and sulfonylurea herbicides [34] [35] [36] . However, it has not been applied for the determination of OPEs.
In this study, SD-DLLME-SFO coupled with ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) was developed for the determination of OPEs in aqueous samples. Three water samples collected from different sources were selected to evaluate the efficiency of the proposed method and analyze the concentrations of OPEs in real samples.
Results and Discussion
Optimization of SD-DLLME-SFO conditions. Variables affecting the extraction performance, including the type and volume of extractant, dispersant, and demulsifier; extraction time; and pH of samples, were investigated to obtain the suitable extraction efficiency. Ionic strength influences the extraction efficiency, and salt deposited on the transfer line affects the analysis results of UHPLC-MS/MS. Suitable extraction temperature can enhance the extraction efficiency. However, the extraction temperature is difficult to accurately control in DLLME because of the short extraction time. Thus, ionic strength and extraction temperature were not investigated in this study.
In SD-DLLME-SFO, the extraction solvent is the primary factor that affects extraction efficiency. It has lower density than water, melting point near room temperature, low solubility in water, and good extraction capacity for the analytes. In this study, the extraction efficiencies of 1-undecanol, 1-dodecanol, n-hexadecane, n-nonanoic acid, and n-octanoic acid were compared. The results are shown in Fig. 1 . The difference in extraction efficiency of five extraction solvents was small for most OPEs. The extraction efficiencies of n-hexadecane for triphenylphosphine oxide (TPPO), tripropyl phosphate (TPrP), and tris-(1-chloro-2-propyl)phosphate (TCPP) were significantly lower compared with those of the other four extraction solvents. The extraction efficiencies of 1-undecanol for triethyl phosphate (TEP) and tris-(2-chloroethyl)phosphate (TCEP) were better than those of the other four extraction solvents, which was probably because TEP and TCEP can effectively transfer from water to 1-undecanol. Thus, 1-undecanol was used as the extractant to extract OPEs in aqueous samples.
The volume of extractant should be determined to achieve the best extraction efficiency. Few extractants cannot efficiently extract the analytes, whereas a considerable amount of extractants can increase the extraction amount but impair the enrichment of analytes. In addition, the appropriate volume ratio of extractant and disperser is conducive to form a fine cloudy dispersion of microdroplets. In this study, the volume of 1-undecanol was investigated in the range of 25-125 μL, as presented in Fig. 2 . As shown in the figure, the extraction efficiency increased with the increase of extraction volume. The best extraction efficiency was obtained when the extraction volume increased to 75 μL. However, when the extraction volume was further increased, the extraction efficiency decreased. The reason may be because considerable amounts of extraction solvents extracted many analytes but lowered their concentration in the final extract. Thus, 75 μL of 1-undecanol was adopted in this study. In SD-DLLME-SFO, the dispersive solvent should have good solubility in the extractant and water phase to promote the formation of microdroplets of the extractant. In this study, methanol, acetonitrile, and acetone were evaluated, as presented in Fig. 3 . The difference in extraction efficiency of the three dispersive solvents was small for most OPEs. The extraction efficiencies of methanol for TEP and TPrP were significantly lower compared with those of acetonitrile and acetone. However, acetonitrile showed better results for TCEP and tris[2-chloro-1-(chloromethyl) ethyl]phosphate (TDCP) compared with methanol and acetone. The reason may be because acetonitrile can promote the dispersion of 1-undecanol in water, increase the contact between 1-undecanol and OPEs, and facilitate the transfer of OPEs from aqueous phase to organic phase. Therefore, acetonitrile was used as the dispersive solvent in this study.
The volume of dispersive solvent has a major impact on SD-DLLME-SFO. Low amount of dispersive solvent hardly forms microdroplets of the extractant, whereas excess amount of dispersive solvent increases extractant solubility in aqueous samples, reducing the extraction efficiency. In this study, the volume of acetonitrile was investigated in the range of 500-1500 μL. Figure 4 shows that the extraction efficiency increased with the increase of dispersant volume. The best extraction efficiency was obtained when the dispersant volume increased www.nature.com/scientificreports www.nature.com/scientificreports/ to 1000 μL. However, when the extraction volume further increased, the extraction efficiency decreased. The reason may be that an appropriate amount of dispersant can promote the dispersion of extractants and form many microdroplets, increasing the extraction efficiency. However, excessive amount of dispersant can lead to the dissolution of extractant in aqueous samples, decreasing the extraction efficiency. Thus, the dispersant volume should be appropriate, and 1000 μL of acetonitrile was adopted in this study.
The pH of samples can also influence the solubility of analytes in aqueous samples. Most triesters are stable in neutral and acidic media but can hydrolyze in alkaline media 22, 37 . Thus, the pH value was optimized in the range of 2-7 in this study. As shown in Fig. 5 , the extraction efficiency for most OPEs had a distinct enhancement when the pH of aqueous samples was adjusted from 2 to 3. However, when the pH was 3, 4, or 5, the difference in extraction efficiency was small. The extraction efficiency improved when the pH was adjusted to 6. However, when the pH increased to 7, the extraction efficiency decreased. The reason may be that under weak acid condition, the solubility of OPEs in organic solvent increased. Thus, the pH of aqueous samples was adjusted to 6 in this study.
SD-DLLME-SFO is a time-saving sample pretreatment method. The extraction equilibrium of analytes in aqueous samples and extractant can be rapidly obtained. In this study, the extraction time was investigated in the range of 1-5 min. As shown in Fig. 6 , the extraction efficiency had a distinct enhancement when the extraction time increased from 1 min to 3 min. However, when the extraction time was further increased, the extraction efficiency showed slight changes. This condition indicated that the extraction achieved equilibrium when the extraction time was 3 min. Thus, the extraction time was set to 3 min in this study.
In SD-DLLME-SFO, demulsifiers were used to break the emulsification system, which accelerated the separation of organic and aqueous phases. In this study, methanol, acetonitrile, and acetone were utilized. Figure 7 shows that the difference in extraction efficiency of the three demulsifiers was very low. The extraction efficiency of acetone was relatively better than those of others. The reason may be because methanol and acetonitrile increased the solubility of OPEs in water. Thus, acetone was used as demulsifier in this study.
The volume of demulsifier also has a significant impact on SD-DLLME-SFO. On the one hand, the demulsification effect is poor when the demulsifier dosage is insufficient. This condition leads to the low recovery of extractant and decreases the extraction efficiency. On the other hand, excessive demulsifier dosage has dispersive solvent effect, increases the solubility of analytes in aqueous phase, and reduces the extraction efficiency. In this study, the volume of acetone was investigated in the range of 500-1500 μL. The extraction efficiency had a distinct enhancement when the demulsifier volume increased from 500 μL to 750 μL. The extraction efficiency was the highest at 750 μL. However, when the demulsifier volume was further increased, the extraction efficiency decreased (Fig. 8) . The reason may be that excessive demulsifier volume can increase the solubility of extractant and analyte in the aqueous phase. In particular, when the demulsifier volume was 1500 μL, the demulsification effect was poor, leading to small amounts of extractant collected. Thus, 750 μL of acetone was adopted in this study. www.nature.com/scientificreports www.nature.com/scientificreports/ Method evaluation. A series of aqueous samples containing various concentrations of analytes was prepared and extracted three times for each concentration under the most suitable experimental conditions. The working curves were made and are shown in Table 1 . The results showed that the linearity of analytes was better in certain concentration range, and the correlation coefficient (R) ranged from 0.9901 to 0.9998. By constantly diluting the concentration of analytes in aqueous samples, the limit of detection (LOD, signal-to-noise ratio (S/N) = 3) and limit of quantification (LOQ, S/N = 10) were 0.16-20.0 and 0.55-66.7 ng/L, respectively. The precision (relative standard deviation, RSD) and enrichment factor (EF) were determined by performing seven repetitions for spiked aqueous samples (1 μg/L). The intraday and interday RSDs were less than 15%. The EFs ranged from 30 to 46. The UHPLC-MS/MS chromatogram of 13 OPEs obtained for the spiked aqueous samples (1 μg/L) is shown in Fig. 9 . Inter-day precision (RSD%, n = 7)
Enrichment Factor (mean ± SD, n = 7) www.nature.com/scientificreports www.nature.com/scientificreports/ Analysis of real samples. To verify the accuracy and practicability of the proposed method, three different aqueous samples (tap water, river water, and effluent of sewage treatment plant) were selected for SD-DLLME-SFO coupled with UHPLC-MS/MS analysis. The effluent of sewage treatment plant, which has a complex matrix, was used to evaluate the matrix effect of the proposed method. The results are shown in Table 2 . The matrix effects ranged from 84.7% to 97.9%, indicating that the matrix effect was acceptable in this study. The spiked recoveries (two different spiked concentrations) from tap water, river water, and effluent of sewage treatment plant were 68.2-95.2%, 76.8-93.9%, and 68.5-97.7%, respectively. Their RSDs were less than 15%.
In tap water, TEP, TCPP, tri-iso-butyl phosphate (TiBP), and TnBP were detected, and their concentrations were 24.2, 27.3, 22.5, and 13.6 ng/L, respectively. TCEP, TPrP, triphenyl phosphate (TPhP), and tri-butoxyethyl phosphate (TBEP) were found in tap water, but their levels were lower than the LOQ. Other OPEs were not found in the tested samples. In river water, the results were similar to those of tap water, except that TPPO was detected and TBEP was quantified. The concentrations of detected OPEs ranged from 11.3 ng/L to 52.3 ng/L. In short, some OPEs were detected at low concentrations in tap water and river water. For the effluent of sewage treatment plant, 13 OPEs were detected, and their concentrations ranged from 10.9 ng/L to 456.3 ng/L. Among them, the concentrations of TBP (TiBP and TnBP) and chlorinated alkyl OPEs (TCEP, TCPP, and TDCP) were the highest. These findings indicated that the current technology has a limited effect to remove OPEs. The sewage treatment plant should be improved.
Comparison with other methods. At present, various pretreatment methods have been used to extract
OPEs in aqueous samples, and their main parameters are shown in Table 3 . LLE has good recoveries and relatively low LOQs but requires considerable amounts of aqueous samples and consumes more organic solvents compared www.nature.com/scientificreports www.nature.com/scientificreports/ with other methods 24 . SPE has low LOD and LOQ and good recoveries for most OPEs but also requires more aqueous samples than other methods 38 . SPME does not consume organic solvent, requires small amounts of aqueous samples, and has good recoveries and relatively low LOQs. However, it is time-consuming. The commercialized SPME fiber can be only extracted by approximately 50 times and is very fragile. A homemade SPME fiber has longer service life and better stability but requires a cumbersome preparation process 28, 39 . DLLME requires small amounts of aqueous samples and organic solvents and has relatively high recoveries and low LOD and LOQ. However, the traditional DLLME uses highly toxic chlorinated solvents, such as trichloroethane, as the extractant 40 . DLLME-SFO uses less toxic organic solvents, such as undecanol, as the extractant but requires centrifugation to separate the extractant from aqueous samples, making it unsuitable in field applications 31 . Compared with the above methods, SD-DLLME-SFO requires small amounts of aqueous samples and has shorter extraction time; environment friendly extraction solvent; and reasonable recoveries, LOD, LOQ, and RSDs. Therefore, SD-DLLME-SFO is a suitable method to detect OPEs in aqueous samples. 27 , was obtained from C/D/N Isotopes Inc. (Pointe-Claire, QC, Canada). Acetonitrile, methanol, and acetone were purchased from Fisher Scientific (Shanghai, China). 1-Undecanol, 1-dodecanol, n-hexadecane, n-nonanoic acid, and n-octanoic acid were purchased from CNW Technologies (Düsseldorf, Germany). All organic solvents were chromatographic grade. HCl and NaOH were purchased from Sinopharm (Shanghai, China), which were reagent grade. Ultra-pure water (18.25 MΩ) was obtained from a Milli-Q Gradient system (Millipore, Bedford, USA) in our laboratory.
SD-DLLME-SFO procedure. A 10 mL filtered water sample was poured in a glass tube; its pH was adjusted to 6.0 by adding 1 mol/L HCl. Then, 10 μL of TnBP-d 27 (1 mg/L) was spiked as the surrogate into the aqueous samples. After mixing, a mixture of acetonitrile (1000 μL) and 1-undecanol (75 μL) was rapidly injected into the aqueous samples by using a syringe. Then, the samples were extracted under ambient temperature for 3 min. After extraction, 750 μL of acetone was injected as demulsifier into the aqueous samples to separate the organic solvent and aqueous samples. Then, the glass tube was transferred to an ice bath for 5 min, and the extractant was solidified and transferred to an EP tube and redissolved in 100 μL of methanol. Ten microliters of the final solution were injected into the UHPLC-MS/MS system.
UHPLC-MS/MS analysis.
A UHPLC system (Ultimate 3000, Thermo Scientific, USA) coupled with a triple quadrupole mass spectrometer (TSQ Endura, Thermo Scientific, USA) was used for the analysis of OPEs. The LC column was a Hypersil GOLD C18 column (2.1 mm × 100 mm, 1.9 μm). The column temperature was 40 °C. Mobile phase A was an aqueous solution of 0.1% formic acid, and phase B was methanol. The flow rate was 0.3 mL/min. Gradient elution was set as follows: 0 min, 40% B; 5 min, 40% B; 14.5 min, 90% B; 20.5 min, 90% B; 20.6 min, 40% B; 23.5 min, 40% B. Electrospray ionization was selected and run in positive ion mode. The peak width resolution was 0.7 m/z, spray voltage was 3500 V, sheath gas pressure was 30 arbitrary unit (Arb), auxiliary gas pressure was 7 Arb, ion transfer tube temperature was 350 °C, vaporizer temperature was 300 °C, and collision-induced dissociation gas pressure was 2 mTorr. The selective reaction monitoring transitions are listed in Table 4 .
Quantification and quality control. Procedural blanks were analyzed to determine possible contamination during extraction. The results showed that the background pollution of the proposed method was low. The main background contamination was TiBP (0.42 ± 0.05 ng/L) and TnBP (0.39 ± 0.04 ng/L), which was lower than the LOQ. TPPO, TPhP, TCPP, TDCP, and TEHP were lower than the LOD. During analysis, the background concentrations were deducted from aqueous samples. Actual aqueous samples were extracted under the most suitable conditions to determine the matrix effect. Before UHPLC-MS/MS analysis, the analytes (13 target OPEs and 1 surrogate standard) were added to the extracts. The added amount was 5 and 20 ng for each target OPE. The matrix effect was calculated using the following equation During analysis, each sample was analyzed in three replicates. Each batch of 10 samples was added with one procedural blank to monitor the potential contamination.
Conclusion
In this study, a novel SD-DLLME-SFO pretreatment method coupled with UHPLC-MS/MS was developed for the determination of 13 OPEs in aqueous samples. The SD-DLLME-SFO process was optimized, including the type and volume of extractant, dispersant and demulsifier, extraction time, and pH of samples. Using the proposed method, the LOD and LOQ were 0.16-20.0 and 0.55-66.7 ng/L, respectively. The EFs ranged from 30 to 46. RSDs were less than 15%. The recoveries ranged from 68.2% to 97.7% in the analysis of actual aqueous samples. Effluent samples had the highest detected concentrations and types of OPEs compared with tap water and river water.
Data Availability
The datasets generated and/or analysed during this study are available from the corresponding author on reasonable request.
